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Research in cosmic rays is now nearly a century old, but most of the fundamental questions in this field
remain unanswered, on the other hand the perspectives of future studies in the next decade are very bright. New
detectors will provide higher quality data in the entire energy range from 108 to 1020 eV (or more if particles
of higher energy have non negligible fluxes), moreover cosmic ray astrophysics must now be considered, together
with gamma, neutrino and gravitational wave astronomy, as one of the subfields of high energy astrophysics, and
using information from these four “messengers” there is the potential of a detailed understanding of the origin
of the high energy radiation in the universe. High energy cosmic rays are measured indirectly observing the
showers they generate in the atmosphere, and a correct and detailed interpretation of these measurements will
require an improved understanding of the properties of hadronic interactions. The new collider experiments, and
in particular the LHC project at CERN offer the unique possibility to perform measurements of great value for
cosmic ray astrophysics. It is of great importance for cosmic research that this possibility is fully exploited with
the appropriate instrumentation and analysis.
1. High Energy Astrophysics
and Fundamental Science
Progress in fundamental science requires the
study of “extreme physical systems”, where the
deeper structure of the physical laws can be-
come visible, such “extreme systems” can be con-
structed in the laboratory, or can be found in
nature. Particle accelerators can be seen as in-
struments for the construction of extreme sys-
tems (composed of few very high energy parti-
cles) to study the properties of interactions at
very small distances. The history of astrophysics
can also be seen as the discovery and the study
of more and more “exotic” objects (or events):
normal stars, white dwarfs, neutron stars, super-
nova explosions, Active Galactic Nuclei, Gamma
Ray Bursts, . . ., whose understanding requires a
deeper and more refined description of the phys-
ical laws. Cosmology [1] allows the study of the
early universe, and going back in time explores
progressively more and more extreme conditions,
in fact of “arbitrary extremeness”, and consti-
tutes the ultimate laboratory for fundamental sci-
ence. The three fields of Particle Physics, Astro-
physics and Cosmology appear today as more and
more strictly interconnected fields.
The research on Cosmic Rays is a crucial ele-
ment in High Energy Astrophysics, and has a par-
ticular deep relation with Particle Physics. This
relation is historical and methodological. The two
fields started essentially at the same time, at the
beginning of the last century, and the measure-
ment of the fluxes of cosmic rays clearly required,
and at the same time made possible an under-
standing of the interaction properties of high en-
ergy elementary particles. Research in cosmic
rays in the years between 1930 and 1960 resulted
in the discovery of the first elementary particles
(after the electron): the positron e+, the second
charged lepton µ±, the charged and neutral pi-
ons π±, π◦, the strange particles Λ, K±, KL, KS
(the θ–τ puzzle). Also the discovery of the anti–
proton in 1955 happened essentially simultane-
ously at the Berkeley Bevatron, and in emulsions
exposed to cosmic rays. Then, in the 1950’s, par-
ticle physics entered in the era of big machines
and big detectors. An extraordinary experimen-
tal and intellectual effort culminated in the con-
struction of the “Standard Model”, based on the
gauge group SU(3) ⊗ SU(2) ⊗ U(1), with great
predictive power and a set of open questions that
have inspired new and very complex experimen-
tal projects such as LHC. During the “accelerator
era” the direction of scientific input flowed mostly
2in the other direction, from particle physics to
cosmic ray research. Experiments at the ISR, the
SppS and the Tevatron colliders measured the in-
teraction properties of high energy protons, allow-
ing a more accurate interpretation of the showers
produced high energy cosmic rays.
Progress in cosmic ray research has been slow
and after nearly a century of intense efforts, it
is fair to say that the most important questions
in the field remain without (unambiguous) an-
swers. The near future of cosmic ray reserach ap-
pear however as extraordinarily interesting, and
it seems likely that in the next decade we will see
dramatic advances in our understanding of the
high energy radiation. A main reason for this ex-
pectation is that cosmic ray research has matured
into one component of high energy astrophysics,
together with γ–astronomy [2], that in the last
decade has produced a set of remarkable results,
and ν –astronomy [3] that, after the observations
of the sun and SN1987a, is now aiming at the de-
tection of high energy sources using new large vol-
ume ν–telescopes. Hopefully gravitational waves
will also be soon observed and we will receive four
different “messengers” (γ, ν, c.r. and g.w.) from
astrophysical objects. With the combined efforts
of these four fields, the identification and detailed
understanding of sources of galactic and extra–
galactic cosmic rays appears possible after nearly
a century of efforts.
Cosmic ray measurements are also giving (con-
troversial) indications of the existence of unex-
pected phenomena. The most interesting results
is the suggestion that there are significant fluxes
of particles with energy as large as several times
1020 eV, in contrast with the expectation that
particle of such high energy cannot propagate for
long distances. If this result is confirmed by the
future experiments (and we will soon know) the
consequences can be extraordinarily deep.
The series of the ISVHECRI (Internationall
Symposia on Very–High Energy Cosmic Ray in-
teraction) discuss the science at the intersection
of the two fields of Particle Physics and Cos-
mic Ray Astrophysics. Research in cosmic rays
is offering to particle physics some exciting (but
again controversial) hints of “new physics” such
as the existence of centauros events and of par-
ticles above the GZK cutoff; on the other hand
it also has some “requests”, addressed in particu-
lar to the community of physicists working on the
hadron colliders. The request is to measure at ac-
celerators (and especially at the LHC) the main
features of the very high energy hadronic colli-
sions, in order to interpret accurately the present
and future data on the highest energy hadronic
showers. This is in fact a difficult and costly
experimental challenge, but the motivations are
strong and clear.
2. Cosmic Ray Measurements
In fig. 1 we show some measurements of the
energy spectrum of cosmic rays. One can identify
several energy regions:
Figure 1. Some recent measurements of the c.r. spec-
tra. The p and He spectra were taken in june 1998.
The lines are extrapolations of fits to the direct mea-
surements [12] using the ansatz (1) for the knee.
[i] A lower energy region (E <∼ 30 GeV) where the
energy spectrum is not a simple power law but has
“curvature” in a log–log plot. In this region the
fluxes of c.r. have a time dependence due to mod-
ulations produced by the time varying solar wind
intensity. The new measurements with magnetic
3spectrometers have reduced significantly the un-
certainties of the flux below 100 GeV, and mea-
surements taken at different times allow to study
the solar modulation, extracting the interstellar
flux. There is still a significant difference of
Figure 2. Recent simultaneous measurements of the
p spectrum by magnetic spectrometers.
order 15–20% between quasi–simultaneous mea-
surements performed by the BESS [4] and AMS
[5] detectors (with higher flux) and CAPRICE [6]
(lower flux) see fig. 2 that need to be resolved.
The main goal of the AMS detector [7] is the
search for anti–nuclei in the cosmic ray fluxes.
The discovery of these particle would clearly be
of profound significance for both astrophysics and
particle physics [8]; the detector will soon start
three years of data–taking aboard the Interna-
tional Space Station, using a high field supercon-
ducting magnet, obtaining data of unprecedented
accuracy. The detailed study of the shape of the
energy fluxes of different particle species (p, nu-
clei, e∓, p) in the this low energy region has the
potential to give very valuable information about
the injection, acceleration and galactic and solar
environment propagation of the cosmic rays.
[ii] In the region (3×1011 eV <∼ E <∼ 1015 eV) the
cosmic rays fluxes to a good approximation are
described by a simple power law (φA(E) ∝ E−α).
In this region there are only few measurements
mostly obtained with calorimeter on balloons,
such as JACEE [9] and RUNJOB [10]. There are
some indications that index α of the spectra of
different components differ and in particular that
the helium spectrum is slighly harder than p one
(α(p) > α(He)). This is an important point and
need to be confirmed by new more precise mea-
surements. Data of an upgraded version of the
BESS detector (BESS–TeV) should soon become
available possibly resolving this question.
[iii] At the so called “knee” (at E ∼ 3× 1015 eV)
the all–particle spectrum steepens, with a change
in slope ∆α ≃ 0.35. The measurements of the
spectrum in this region are only obtained with
indirect measurements1. A subset of recent mea-
surements is shown in fig. 3, where we can see that
significant discrepancies exist among the different
measurements. It is still a matter of debate how
much of the differences is due to experimental sys-
tematic errors, and how much is due to uncertain-
ties in the modeling of the shower development.
In fig. 1 the different lines are the extrapolation of
a fit [12] of direct measurements of the cosmic ray
fluxes. There is some tension between the results
of such extrapolations with the highest estimates
of the flux in the knee region by EAS experiments.
A significant amount of energy has gone into
the determination of the mass composition of cos-
mic rays below and above the knee. Perhaps the
simplest model for such an evolution is the as-
sumption that the knee corresponds to a fixed
value of the rigidity p/Ze, and therefore for the
nuclear component of electric charge Z:
Eknee(Z) = Z Eknee(p). (1)
Equation (1) is predicted in a very wide range
of models, where the knee is the consequence of
the rigidity dependence of the acceleration rate in
the sources, or the galactic containement proper-
ties of cosmic rays. The ansatz (1) is used in
the extrapolation of the spectra shown in fig. 1.
1Clearly an important direction of progress is to push the
direct measurements to the highest possible energy, ap-
proaching the knee. Ultra long duration (60–100 days)
ballon flights in the Antartics offer this possibility. The
Cream detector [11] is designed for this purpose.
4Figure 3. Recent measurements of the c.r. spectrum
at the knee.
There is mounting evidence [13,14] that the av-
erage mass of cosmic rays increases with energy
across the knee, and more precisely that equa-
tion (1) is valid, however large systematic uncer-
tainties are still existing, and are mostly due to
uncertainties in the modeling of cosmic ray inter-
actions.
In very simplified terms the determination of a
the mass composition is obtained with the mea-
surement of (at least) two quantities per shower,
such as the electromagnetic size Ne and the muon
number Nµ. These quantities have different de-
pendences on the energy and mass of the primary,
and therefore this allows in principle to obtain es-
timates of E and A for each shower. For example,
for the case of Ne and Nµ qualitatively one has:
Ne ≃ Ke A
(
E
A
)α
with α > 1
Nµ ≃ Kµ A
(
E
A
)β
with β < 1.
(2)
The esponent α is larger than unity because with
increasing energy the Ne size at maximum grows
linearly with energy while the shower maximum
position approaches the detector level, while β is
less than unity because muons are produced in the
decay of mesons in processes such as π+ → µ+νµ,
and the decay probability of high energy mesons
is reduced because of the Lorentz time expansion.
One can use equations (2) to express the muon
number as a function of the Ne and the unknown
mass A as:
Nµ ≃ K ′ A1−β/αNβ/αe (3)
with a mass dependence A1−β/α ∼ A0.2, and the
heavy primaries can in principle can be selected
choosing muon rich showers. An example of this
is shown in fig. 4 from the Kascade air shower
experiment [13]. The detector can measure si-
multaneously Ne and Nµ. In the bottom panel
of fig. 4 the showers are selected in a fixed in-
terval of Ne, and the distribution in Nµ is anal-
ysed to obtain the mass composition. Showers
with a small muon number Nµ are associated to
proton primaries, while the highest µ multiplic-
ities are associated with iron nuclei. A quanti-
tative analysis clearly requires a precise knowl-
edge (including fluctuations) of the shower prop-
erties for primaries of different energy and mass.
The results of fig. 4 have been fitted, using the
QGSJET model [15], with a composition domi-
nated by helium nuclei and smaller contributions
of p, 16O and 56Fe. It can be seen that the
resolution in the measurement of A is not suf-
ficient to separate the different components, and
therefore the determination of the mass compo-
sition depends critically of the Montecarlo pre-
diction, and one needs to consider a systematic
error in the estimate of the energy spectrum
and mass composition due to theoretical uncer-
tainties in the modeling of shower development
(that is in the description of the hadronic inter-
action properties). Similar considerations apply
also to all other techniques for the determina-
tion of spectrum and composition in the knee re-
gion and above. For example the DICE experi-
ment [16] measures with two imaging telescopes
the Cherenkov light produced by c.r. showers,
obtaining two quantities per shower, then total
number of Cherenkov photons NCher and the po-
sition of Shower maximum Xmax, showers with
deep (shallow) Xmax are attributed to protons
(iron nuclei). The BLANCA detector [17] op-
erating in 1997–1998 measured the distribution
of Cherenkov photons at the ground with a sys-
tem of 144 angle integrating photon detectors, ex-
tracting two parameters per shower, the photon
density at 120 meters from the shower axis (C120)
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Figure 4. The top panel shows the 2-D distribution
in Ne, Nµ of Kascade [13]. The bottom panel show
an example of a composition fit.
and the exponential slope s of the photon den-
sity in the 30–120 meters range (ρ(r) ≃ K e−sr);
steep (flat) slopes correspond to light (heavy pri-
maries). The energy spectrum and composition
can be obtained from the analysis of the distri-
bution of events in the (NCher,Xmax) or (C120,s)
planes2.
Some detectors can measure more than two
quantities per shower, for example Kascade can
measure not only the electron and muon sizes (Ne
and Nµ), but also the hadronic component Nhad
in its central calorimeter [20]. For the a fixed en-
ergy, light primaries showers are more penetrat-
2The “unfolding” of the spectrum and composition from
the data is a non–trivial statistical problem, even under
the assumption of no–systematical errors, and several ap-
proches are possible. See for example the contributions of
Kascade at this conference [13,19].
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Figure 5. Fit of the composition at the knee obtained
by Kascade [13].
ing, and the hadronic component is larger. The
analysis of the data in terms of different pairs of
variables, for example (Ne, Nµ) and (Ne, Nhad),
will give consistent results only if the modeling
of the shower development is correct. Similarly
(barring the existence of experimental systematic
errors) the interpretation in terms of spectrum
and composition of different experiments will be
compatible only if the modeling of hadronic inter-
actions is sufficiently accurate. This requirement
of consistency (within and between experiments)
allows in principle to obtain at the same time in-
formation about the spectrum and composition of
primary c.r. and about the properties of hadronic
interactions. This bootstrap philosophy has been
at the center of considerable efforts in recent years
(se for example [18] for a contribution at this con-
ference). A critical analysis of all available data is
beyond the scope of this summary (see [21,22] for
a review and critical analysis). In a nutshell the
main points are the following: (a) significant in-
consistencies still exist within and between exper-
iments, pointing to the necessity of an improved
modeling of hadronic interactions; (b) a consis-
tent picture is however beginning to emerge, the
existence of the “knee” is firmly established, even
if the precise shape and location are still uncer-
tain may be by a factor as large as two, and most
6experiments extract a composition that becomes
heavier across the knee, in agreeement with the
assumption of the knee as a rigidity dependent
feature (see fig. 5 for an example)3; (c) the gen-
eral features of the hadronic interactions incor-
porated in the Regge–Gribov models currently in
use are at least qualitatively correct.
The energy region above the knee (1016 ≤ E ≤
1018 eV), is still relatively poorly known. The
Kascade–Grande detector is planning to explore
it, with the main aim to identify an “iron knee” at
an energy E ∼ 6× 1016 eV [23]. A detailed anal-
ysis of the size spectrum of 7 different air shower
arrays [24] already gives some qualitative indica-
tions of the existence of a second knee, that could
be attributed to the bending of the iron compo-
nent. Some authors [25] see evidence as a more
detailed structure in the knee energy spectrum,
that are attributed to the contributions of a re-
cent nearby supernova explosions.
[iv] The highest energy points in fig. 1 and 6
are from the Agasa [26] and Hires [27] detec-
tors, the data of the Yakutsk array can be seen in
[28]. The Agasa spectrum extends up to an en-
ergy E ∼ 3 × 1020 eV. It is well known [29] that
one expects the existence of a (Greisen–Zatsepin–
Kuzmin or GZK) cutoff in the energy spectrum
of cosmic rays due to interactions with the cos-
mic microwave background. The dominant pro-
cess is pion photoproduction on the photons of
the (2.7◦K) Cosmic Microwave Background Ra-
diation: p + γCMBR → p(n) + π + . . ., with an
energy threshold of order Ethr ≃ mpmpi/〈ǫ〉 ≃
few × 1019 eV. Particles above the GZK cutoff
should only arrive from near (on a cosmological
case) sources. Since the γ target is very precisely
known and the interaction cross section has been
accurately measured in experiments with protons
at rest, it is possible to compute with very good
precision the interaction length and energy loss of
Ultra High Energy (UHE) protons. Similar con-
siderations can also be made for composite nuclei,
when the dominant energy loss process is photo-
3There are however significant discrepancies between ex-
periments. Analysis of the Cherenkov data suggests a
composition becoming lighter. See [21] for a critical dis-
cussion.
Figure 6. Recent measurements of the c.r. spectrum
at the highest energy.
disintegration (such as A+γ → (A−1)+N). The
detailed shape of UHE cosmic rays flux will de-
pend on the shape of the spectrum at the source
(in particular on the maximum acceleration en-
ergy Emax), the distribution in space–time of the
sources, and the structure of the extra–galactic
magnetic fields, that control the propagation of
charged particles from the source to our galaxy.
The energy determination of an EAS detec-
tor as Agasa (see [30] for a full discussion) is
based on a measurement of the particle density
at the ground at a distance ∼ 600 meters from
the shower core. It has been demonstrated [31]
that this measurement is relatively insensitive to
both the mass of the primary particle and the de-
tails of the interaction model, however in princi-
ple some model dependence is possible and needs
to be very carefully investigated.
New results of the High Resolution Fly’s Eye,
based on the fluorescence technique [27] show a
spectrum that is well described assuming the ex-
istence of the GZK cutoff. In principle the mea-
surement based of the detection of fluorescence
ligh emitted by nitrogen molecules excited by the
shower, represents a nearly completely model in-
dependent method for the energy determination.
If N(X) is the number of charged particle in a
7shower at depth X and dYfluo/dE is the yield of
fluorescence photons produced after the release of
the energy dE in ionization, then the number of
fluorescence photons generated by the shower in
the depth interval (X , X + dX) is:
dNfluo
dX
= Ne(X)
〈
− dE
dX
〉
dYfluo
dE
(X) (4)
the X dependence of the yield reflects a (strong)
dependence on the air pressure. The number
received at the detector, can be obtained from
simple geometry (the fluorescence emission is
isotropic) and a knowledge of the shower axis po-
sition if one has good control of the trasparency
of the atmosphere for the fluorescence photons.
This technique in principle allows to measure
the profile of the fluorescence emission along
the shower axis, and therefore the profile of the
shower energy loss, and by integration the total
energy dissipated in ionization by a c.r. shower.
The total energy of the primary particle can then
be obtained applying small corrections for the en-
ergy that reaches the ground in the form of neu-
trinos, muons, hadrons and the tail of the electro-
magnetic shower. In this case the main sources of
systematic uncertainties are the correct descrip-
tion of the fluorescence yield and of the atmo-
spheric transparency.
2.1. Particles beyond the GZK cutoff ?
The question of the existence of a significant
flux of particles particles with energy above the
expected GZK cutoff is certainly the question
thas has attracted more excitement and contro-
versy in cosmic ray physics in the last decade. In
the following there is a list of possible solutions
for this puzzle:
(i) There are no particles above the GZK cut-
off. The present results of Agasa, Fly’s Eye,
Haverah Park and othe detectors are the effect
of a combination of incorrect energy calibration,
larger than predicted fluctuations in shower de-
velopment, non gaussian tails in mesasurements
etc.
(ii) The highest energy particles are produced in
few “standard” sources at small distances. The
energy spectrum and the angular distribution ex-
pected in this scenario will then have strong fea-
tures that should be clearly demonstrated with
the higher statistics obtained from future experi-
ments.
(iii) The highest energy particles are generated in
the vicinity of our galaxy by the interactions of
a more weakly interacting “carrier”. This is the
so called “Z–burst” scenario [32] where the car-
riers are ultra–high energy neutrinos. These neu-
trinos are created in “standard” sources, propa-
gate in intergalactic space with negligible absorp-
tion, produce the observed UHE particles inter-
acting with a postulated neutrino galactic halo.
This scenario implies that there are neutrinos
with energy Eν at least a few times EGZK (and
therefore at the source protons must be accel-
erated up to an energy several times Eν). To
obtain a sufficiently large probability for inter-
actions with the galactic halo this scenario as-
sumes that the cross section is enhanced by the
s–channel resonant production of Z0 (the process
ν + ν → Z0 → final state). This requires a neu-
trino mass of order
mν =
M2Z
2Eν
∼ M
2
Z
(few 1021 eV )
≃ few eV (5)
that could be the correct number consistent with
the existence of the halo.
(iv) The existence of UHE particles, coming from
“invisible” sources can be naturally explained in
the framework of the so called Top–Down [33]
models. In these models the UHE particles are
not produced by acceleration (the Down–Top
mechanism) but are the result of the decay of very
large mass particles. The mass scale MX is re-
lated to a unification mass scale. In particular
it is important to note that the grand–unification
mass scale (MGUT ∼ 1024 eV) is of the right order
of magnitude so that the decay of particles with
mass MX ∼ MGUT can produce the super–GZK
particles. The Top–Down models require that the
dark matter in the universe is provided by such
super–heavy particles, or by topological defects
(such as magnetic monopoles, cosmic strings, . . .)
that can decay into such particles.
(v) Finally one extraordinary possibility is the ex-
istence of violations of Lorentz invariance. In this
case the GZK cutoff is not observed because it
does not exist ! The statement that protons of
8energy 1020 eV produce pions interacting with
photons of ε ≃ 10−3 eV is based on the obser-
vations of the interactions properties of photons
with εr.f. ∼ 108 eV with protons at rest, and on
the assumption of Lorentz invariance and the va-
lidity of Lorentz invariance. The two frames are
connected by a transformation with a Lorentz
γ factor of order 1011. If Lorentz invariance is
violated the statement can become false. This
apparently outrageous possibility is actually pre-
dicted [34] in the framework of quantum gravity
or in models where the space manifold has addi-
tional large extra dimensions.
It should be possible to determine which one is
the true true solution of this puzzle thanks to the
new detectors in construction (as Auger [35]) or
in the planning stage (as Euso [36], based on the
detection of fluorescence light from space.)
3. Cosmic Ray Astrophysics
A list of fundamental questions for c.r. astro-
physics can be simply formulated as following:
(A) What if the dominant source for cosmic rays
below the “knee” ?
(B) What is the origin of the knee ?
(C) What is the origin of the particles beyond
the knee ?
(D) At what energy the fluxes of extra–galactic
and galactic cosmic rays are equal ?
(E) Which are the sources of extra–galactic cos-
mic rays ?
(F) Are there particles beyond the GZK cutoff ?
It is surprising that we still do not have unam-
biguous answers to any of these questions. There
is a general (but non universal) consensus that
SuperNova Remnants (SNR’s) are the source of
the galactic cosmic rays. This consideration is
essentially based on two considerations: (i) SNR
can provide the power (Lc.r. ∼ 1040 erg/s) needed
to mantain the observed energy density of cosmic
rays, taking into account the measured (rigidity
dependent) confinement time of the cosmic rays;
(ii) the mechanism of diffusive first order Fermi
acceleration at a shock can naturally produce a
power law source energy spectrum (q(E) ∝ E−α)
with a (differential) esponent α ≃ 2 + ε (with ε
small).
In diffusive shock acceleration a charged par-
ticle moving in a turbolent magnetic field of av-
erage strength B performs “cycles” crossing back
and forth across the shock discontinuity. Dur-
ing each cycle the particle acquires an energy
∆E ≃ 4/3 βsh E (where c βsh = v2 − v1 is the
difference between the velocity of the fluid on the
two sides of the shock. The time for performing
a cycle is of order Tcycle ≃ D/(βsh c2), where D
is the diffusion coefficient that depends on the in-
tensity and structure of the magnetic field. For a
diffusion coefficient linear in E:
D ≃ 1
3
rL c ≃ 1
3
E
ZeB
c (6)
the acceleration rate dE/dt ≃ ∆E/Tcycle becomes
a constant, and the maximum energy obtainable
is a Supernova can be estimated (using RSNR ∼
c tSNR βsh) as:
Emax ∼ dE
dt
tSNR ∼ RSNR × Z ×B × βsh (7)
This energy is similar to the energy of the knee.
The simple “standard” scenario outlined above
predicts an exponential cutoff of the cosmic ray
flux at the maximum energy. This is very differ-
ent from the simple moderate steepening of the
energy spectrum observed in the data, and there-
fore the identification of the knee with the maxi-
mum energy in SNR remains unclear.
A problem that still waits for a clear answer
is the determination of the energy at which the
fluxes of galactic and extragalactic particles are
equal. There is a general consensus that this en-
ergy must exist. The gyroradius of charged par-
ticles in a magnetic field is
Rgyro =
p⊥
Z eB
≃ 1.1 p⊥(10
18 eV)
Z B(µGauss)
Kpc (8)
The galactic radius is rgal ∼ 15 Kpc, and the
typical strength of the magnetic field is B ∼
3 µGauss, therefore very likely the highest en-
ergy cosmic ray cannot remain confined inside the
Galaxy. It is possible that the energy where the
fluxes of particles of galactic and extra–galactic
origin are equal corresponds to the so called “an-
kle” (E ∼ 1019 eV) in the c.r. spectrum, how-
ever it is also claimed [37] that the ankle is an
9asorption feature due to the process p+ γcmbr →
p + e+ + e− and that the crossing point for the
two population is at lower energy. This is clearly
an important point that can be clarified with ad-
ditional data on the energy spectrum and angular
anistropy of cosmic rays.
Equation (7) can be used to constraint the size
and magnetic field of any source of cosmic rays
where the acceleration mechanism is first order
Fermi acceleration. This implies that very few
objects in the known universe can have a suffi-
cienty large product Rsource×B to be a candidate
for the acceleration of the UHE cosmic ray [38].
AGN and GRB are perhaps the best candidates
for this purpose.
4. Hadronic Interactions
The study of high energy cosmic rays requires
“indirect methods” that is the measurement of
the shower produced by the primary particle. The
uncertainties in the prediction of the development
of the shower produced by a primary cosmic ray
are the consequence of uncertainties in the cal-
culation of hadronic interactions. The problem
is the following: one has a “projectile” particle
(a proton, a nucleus (A,Z), or a weakly decaying
meson such as a pion or kaon) and one needs to
know the interaction cross section with the air nu-
clei (mostly nitrogen and oxygen), and the prop-
erties of the final state produced in such an inter-
action, namely the multiplicity, flavor composi-
tion and momentum distribution of the final state
particles, with a correct estimate of the fluctua-
tions. It is well known that now and for the fore-
seable feature we are not in the condition to com-
pute from first principles these needed quantities
from the fundamental QCD Lagrangian. More-
over the existing data do not cover all the “phase
space” necessary for purely phenomenological de-
scription. The c.m. energy on nucleon–nucleon
interactions for cosmic rays in the knee region
(E ∼ 3 × 1015 eV) and and near the GZK cutoff
energy (E ∼ 1020 eV) are:
(
√
sNN )knee ∼ 2.5/
√
A TeV
(
√
sNN )GZK ∼ 400/
√
A TeV
(9)
(A is the mass of the primary particle). The high-
est energy collisions produced in an accelerator
have
√
spp ≃ 1.8 TeV at the Tevatron, and there-
fore corresponds closely to the knee; the LHC col-
lider at CERN will reach
√
spp ≃ 14 TeV, that is
still approximately 30 times lower than the GZK
energy. However the situation is much worst than
what appears from these simple considerations.
The measurements at the hadron colliders have
been limited to an angular region that excludes
the beam pipe, and therefore a very large ma-
jority of the high energy particles that are emit-
ted at small angles are unobservable (see fig. 9).
These particles carry more than 90% of the en-
ergy in a collision and are clearly those crucial
in determining the properties of air showers. It
should also be noted that the study of hadron–
nucleus interactions is still limited to fixed target
energies (
√
sNN)hA <∼ 0.027 TeV). The new data
from the RHIC detector about gold–gold detector
at (
√
sNN )AA <∼ 0.2 TeV) presented at this con-
ference by S. Klein [39] have therefore great value
in testing the accuracy of the treatment of nuclear
effects used in the existing montecarlo codes. In
fact a comparison has shown the existence of non–
trivial discrepancies (15–20% in the central region
rapidity density, see [40,41,42]).
At fixed target energies the inclusive distribu-
tion of final state particles exhibit in first approx-
imation the property of Feynman scaling:
dσpp→a
dp‖ d2p⊥
(p‖, p⊥,
√
s) ≃ fa(p‖,
√
s) Ga(p‖)
≃ Fa(xF )
E
Ga(p⊥) (10)
where xF = 2p
∗
‖/
√
s and the functions Fa(xF )
and Ga(p⊥) ∝ e−bp2⊥ are independent from
√
s.
Clearly the assumption of Feynman scaling al-
lows to extrapolate the low energy results and
to predict the properties of showers of arbitrary
energy. However the data of the hadron collid-
ers (ISR, SppS, Tevatron and RHIC) have shown
that Feynman scaling is violated. As an exam-
ple the scaling function Fpi for pion production
in pp interactions has approximately the form
Fpi(xF ) ≃ C (1− |xF |)n with n ∼ 3–4. This form
indicates that pions are approximately produced
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with a spectrum dn/dE ∼ 1/E peaked at low en-
ergy. At collider energy the quantity C (that is
the value of Fpi near xF ∼ 0 or the height of the
rapidity plateau) is measured to grow logarithmi-
cally with increasing
√
s. The form of scaling vio-
lations for large |xF | (for nucleons and mesons) is
known much more poorly, however it is essential
for shower development.
The spectrum of the nucleons produced in
hadronic interactions plays a fundamental role in
the development of c.r. showers. At fixed tar-
get energy a fraction ∼ 20% of the pp inelastic
interactions is due to “single diffraction” where
one if the incident protons is excited into a state
X with the same internal quantum numbers that
scatters elastically with small transfer momen-
tum with the other proton and (∼ 5% of the
inelastic interactions can be attributed to dou-
ble diffraction). Note that in a target diffrac-
tion event the projectile proton retains nearly all
the initial energy, while in projectile diffraction,
the decay of the excited state X result in a fi-
nal state nucleon that carries a very large fraction
(>∼ 50%) of the initial p energy. In non–diffractive
interactions the final state nucleons have a hard–
spectrum (dn/dE ∼ const) and carry approxi-
mately ∼ 40% of the initial state energy4. These
high energy nucleons in the final state feed energy
deeper into the shower and clearly play a very im-
portant role in the shower development. At the
hadron colliders most of these nucleons are unob-
served, and their spectrum must be infered with
a large amount of uncertainty.
4.1. Montecarlo Modeling
A general framework to compute the proper-
ties of hadronic (hp, hA and AA) interactions has
been developed in the last 10 years [44]. In this
frameork, the so called “Regge–Gribov effective
theory”, that is formally very similar to an eikon-
alized parton model, an hadronic collision is anal-
ysed as a set of sub–interactions, or “Pomeron
exchanges”, between the participant particles. A
fraction of these sub–interactions can be simply
understood as hard or semi–hard interactions be-
4Traditionally the energy fraction carried by nucleons has
beed called by comsmic ray physicists the “elasticity” of
the interaction.
tween partons, that can be treated in perturba-
tive QCD, while another fraction is “soft”. The
growth of the cross section with energy is related
to the increase of the number of sub–interactions
with increasing
√
s. This approach can be nat-
urally implemented into montecarlo algorithms.
The “topological structure” of one event, that is
the number and type of sub–interaction is trans-
lated into the formation of a set of color strings
(closed loops or objects with q, q or qq “endings”)
conserving exactly 4–momentum and all quan-
tum numbers. These strings are then fragmented
into observable hadrons using algorithms simi-
lar (or identical) to the algorithms developed by
the LUND group. Several montecarlo implemen-
tation of this philosophy (QGSJET, Sibyll, DP-
MJET, VENUS, NEXUS) have been developed
and are used in the montecarlo simulation of c.r.
showers. A discussion of the differences between
these MC implementations can be found in [15].
It is encouraging that the differences between the
latest versions of the models are smaller than in
the past. The size of these differences has been
used to estimate the importance of systematic
uncertainties in hadronic interactions modeling.
It should be noted that the use of this method
has the danger to underestimate systematic er-
rors, because all of these codes share the same
basic theoretical assumptions, and therefore nat-
urally converge to similar results. It should not
be forgotten that despite of their sophisticated
language the theoretical basis for this models is
not rock solid, and significant uncertainties still
exist. In fact several important problems do not
have an unambiguous answer in the framework
of the Regge–Gribov approach. In particular it
is not clear how diffraction fits in the theoreti-
cal scheme; there is also significant arbitrariness
in the shape (and evolution with energy) of the
inclusive particle distribution in the fragmenta-
tion regions (|xF | >∼ 0.1). It is significant that
each time new accelerator data has become avail-
able (from ISR to the recent RHIC data) sig-
nificant differences with the available predictions
were found. New data is clearly required to vali-
date (or correct) the existing models.
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4.2. NEEDS: Requests of cosmic ray
physics to accelerator physics
For a full and correct interpretation of the cos-
mic ray shower measurements at and above the
knee new data from accelerator experiments are
required. The cosmic ray community has invested
significant efforts in the “bootstrap method” (ex-
tracting the cosmic ray energy spectrum and
composition together with the main features for
hadronic interactions purely fron c.r. shower
measurements), and important theoretical efforts
are made to construct well motivated extrap-
olations of the existing data into the required
phase space region (
√
s,xF , p⊥); however there
is a broad consensus in the community that
the best perspectives for progress in improving
energy and mass resolutions is new data from
accelerators. A workshop (opportunely named
“NEEDS”) was held in Karlsruhe in april 2002
[43] to discuss which measurements of hadronic
interaction properties are most important for the
field, and how it is possible to obtain them. This
discussion continued at the ISVHECRI confer-
ence (see [41,45] for a review and discussion).
Some central questions are:
(i) How important are the uncertainties in our
knowledge of hadronic interactions in the deter-
mination of the c.r. flux and composition ?
(ii) What impact can have the planned future
experiments in reducing these uncertanties ?
(iii) Which additional experimental programs can
help in further reducing these uncertainties ?
A brief list of the most important measure-
ments for shower development could be:
(i) Precise measurements of total and inelastic
cross section.
(ii) Measurements of the ratio σdiff/σinel.
(iii) Energy distribution of the leading nucleon in
the final state.
(iv) Inclusive pion spectra in the fragmentation
region xF >∼ 0.1.
The optimum would clearly be to have these mea-
surements for pp, pA and AA collisions at the
LHC collider.
5. Emulsion Chambers results
The Emulsion Chamber technique, developed
in the Chacaltaya laboratory in Bolivia (h =
5200 m) has been in use for more than 30 years in
laboratories placed at mountain altitude [46,53].
The basic structure of an emulsion chamber is
a sandwich of absorber (lead) layers alternated
with sensitive (emulsion or X–ray film) layers as
illustrated in fig. 7. A chamber (with typically a
surface of order 10 m2) is exposed for a time inter-
val of several months, then the sensitive layers are
removed, developed and analysed. A charged par-
ticle crossing a sensitive layer leaves a track that
is visible with a microscope; a shower composed
of many nearly parallel and closely packed parti-
cles leaves a dark spot. The darkness is measured
with photometers analysing the transparency of
the sensitive layer around that position. Spots
corresponding to the same shower can be asso-
ciated with each other obtaining a ‘longitudinal
darkness profile’ for a shower, and from it an es-
timate of its electromagnetic energy. The detec-
tion threshold for a shower depends on the sen-
sitive material used and the level of background
present, and is typically ∼ 1 TeV. At this en-
ergy the spot of a shower at maximum is visi-
ble with naked eyes, and the scanning process is
much simplified. The interaction length in lead
(λint ≃ 18.5 cm) is much longer that the radia-
tion length (X0 ≃ 0.57 cm), therefore an emul-
sion chamber effectively measures only the elec-
tromagnetic component of a shower. Because of
the large difference between λint and X0 photons
and charged hadrons arriving to the chamber can
be clearly separated, since γ–induced showers ini-
tiate after one radiation length (in practice after
the first absorption layer), while hadron showers
initiate after one interaction length (that is sev-
eral absorber layers). In many chambers, to en-
hance the hadron detection efficiency, the emul-
sion chamber is divided into two parts with in the
middle a low Z material (for example carbon) tar-
get layer where hadrons can interact generating
photons (via π◦ decay) that are then detected in
the lower chamber. For hadron–induced showers
only the energy fraction that goes into π◦ pro-
duction in the first interaction (∼ 0.2 of the ini-
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Figure 7. Simplified scheme of an Emulsion Chamber
(from [46]).
tial energy for a p) is visible in the chamber. A
primary particle interacting above the detector
will produce several secondaries, the high energy
ones that reach the emulsion chamber generate
a bundle of close spots due to the quasi–parallel
showers that are collectively called a “family” (see
fig. 8). The showers of a family can be analysed
together to obtain information about the nature
of the primary particle, and about its interaction
properties. In some cases it is possible to deduce
the position of the primary interaction point by
triangulation as the point where the sub–shower
axis converge. Clearly the emulsion–technique
is a very interesting method to study with very
fine resolution the core of high energy cosmic ray
showers.
For a long time there have been claims of the
existence of unusual events in the emulsion cham-
bers. The most well known and most interest-
ing type of these “exotic” events are the “Cen-
tauros” [46,47,48]. A “Centauro” is an event (a
family) here a large fraction of the total visible
energy is attributed to hadron showers. For ex-
ample the celebrated Centauro–1 event detected
30 years ago in Chacaltaya laboratory [46] was
composed of 49 hadron showers and only one e/γ
shower. A small number of Centauro candidates
has been obtained by the Chacaltaya and Pamir
Figure 8. Example of one “family” in a sensitive
layer of an emulsion chamber. This is part of the
Centauro–1 event.
collaboration5 while no events have been found at
Mount Fuji and and Mount Kambala.
Thirty years of investigations have not clarified
the nature of the centauro phenomenon. Possi-
ble interpretations fall into two categories: exotic
primaries (such a compressed glob or hadronic
matter [51] or a strangelet), or the result of new
features of hadronic interactions at high energy,
such as the formation of “disoriented chiral con-
densate”. Also the possibility that the events
have an explanation in terms of standard physics,
fluctuations and selection effects cannot be disre-
garded. All type of explanations run into signifi-
cant difficulties. Searches for centauro–like events
at accelerators [49,50], including the recent RHIC
data have been negative. These negative results
cannot completely eliminate the interpretation of
Centauro events as a feature of the hadronic in-
teractions, because not the entire relevant phase
5The number of candidates depend on the exact definition
of “centauro”. Experimentally centauro candidates fall in
the region of large N and large Qh. in the plane (N ,Qh)
where N is the number of showers in a family and Qh =
Eh/(Eh+Ee/γ) is the fraction of the reconstructed energy
attributed to hadrons). Depending of the cuts applied the
world sample of Centauro candidates is of order ∼ 5–10.
It has not been clearly established if they constitute a
distinct population or are the tail of a single distribution
that fills the entire (N,Qh) plane.
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space has been covered. A new specialised de-
tector CASTOR (within CMS) [52] (covering the
very forward pseudorapidity region 5.5 ≤ η ≤ 7)
has been proposed to search for the centauro phe-
nomenon at LHC.
It is important to note that several scientists
working with emulsion chambers, and in partic-
ular S.A. Slavatinsky [53] argue that the data
on primary particles with an estimated energy
E >∼ 10
16 eV exhibit features that cannot be ex-
plained in the framework of the standard model.
One of these features is the existence of coplanar
emission [54] (that is families where the particles
form approximately a straight line), another one
is the indication of the existence of very strong
Feynman scaling violations in the forward frag-
mentation region. The conclusion that the emul-
sion chamber results in the energy range 10–100
PeV indicate new unexpected effects remain very
controversial and requires further analysis.
The emulsion chamber technique has now been
in use for over three decades, and remains a re-
markable tool to study with excellent resolution
the core of high energy showers. The data ob-
tained with these detectors has given indications
of unusual phenomena, that remain controversial
and unexplained. An important open question is
the future of these studies, and how to solve the
puzzles they have suggested. Further progress re-
quires either a significant increase in the expo-
sures of the detectors (implying larger areas and
faster analysis methods), or the introduction of
new innovative experimental methods to study
the hadronic core of showers. An intersting new
idea for an hadronic core detector is being devel-
oped by the Tibet shower array [55].
6. CERN: Opportunities and Challenges
6.1. Cosmic Ray Measurement at CERN
At least three of the LEP experiments at CERN
have taken data on cosmic rays not only for the
purpose of calibration, but in order to do mea-
surements. The L3 detectors [56] has used the
inner detector to measure the inclusive muon mo-
mentum spectrum in the range 15–2000 GeV.
This measurement is important to constraint the
calculation of the atmospheric neutrino fluxes in a
similar range, since both µ’s and ν’s are produced
in the decay of the same primary mesons (π±’s
and Kaons). The L3 detector has also taken data
in coincidence with a small shower detector at
the surface (the L3+C configuration) [57]. Multi-
ple muon events have also been measured by the
Aleph [58] and Delphi [59] detectors. Some events
are spectacular containing more than 100 paral-
lel muons. These events are produced by primary
particles in the range 1014–1016 eV, and therefore
a detailed study can provide information about
the spectrum and composition of cosmic rays in
the knee region. These measurements are valu-
able especially in combinations with other mea-
surements of showers in the same energy range,
and in the spirit of the “bootstrap” philosophy
discussed above.
6.2. LHC and cosmic ray physics
The CERN LHC project (a 7+7 TeV pp collider
with options for p–nucleus and nucleus–nucleus
collisions) has a compelling and ambitious pro-
gram that is clearly of central importance for the
development of fundamental science [60]. Four
detectors (ATLAS, CMS, LHC-b and ALICE)
will explore the physics at LHC, LHC-b is dedi-
cated to the physics of the b–quark, ALICE to the
study of heavy–ion physics, ATLAS and CMS are
optimized for the study of high p⊥ interactions
between quark and gluons, and the production of
heavy particles like the Higgs or the supersym-
metric particles.
The essential contribution of CERN to cosmic
ray physics is related to the more precise measure-
ments of hadronic interaction properties at high
origin, and the LHC project can play a fundamen-
tal role. The motivation is clear: in future studies
of cosmic ray physics, very high energy particles
will certainly have central importance, these par-
ticles will be detected with indirect methods, and
the precision and resolution of the measurements
of the energy and mass (or identity) of the pri-
mary particles will depend on the knowledge of
hadronic interactions at a c.m. energy as high as
400 TeV. Measurements that are only possible at
LHC have the potential to significantly improve
the quality of these measurements, in the “knee
region” and especially for the very high energies
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(E >∼ 10
19 eV)6
If the existence of a relatively large flux of par-
ticles beyond the GZK cutoff is confirmed, this
nearly certainly implies the existence of “new
physics” and the detailed study of particles above
the expected cutoff will clearly become one of the
most important fields of experimental studies in
fundamental physics, however this conclusion re-
mains valid even in the “conservative” scenario,
where the flux exhibits the expected cutoff and
all cosmic rays have a “standard” origin. In this
case the precise measurement of the energy dis-
tribution and composition (together with the an-
gular distribution) of particles at the “end of the
spectrum” will be essential to obtain information
about the nature, location and time evolution of
the cosmic accelerators (that are certainly going
to be some of the most interesting objects in the
universe).
6.3. Cross section measurements at CERN
Of particular importance for cosmic ray physics
is the measurement of the total and inelastic cross
section. The Totem experiment [61] (designed to-
gether with CMS) will provide measurements of
the total cross section (with a precision of 1%),
elastic scattering and diffractive processes at the
LHC. The total cross section will be measured
using the luminosity independent method which
based on the simultaneous detection of elastic
scattering at low momentum transfer and of the
inelastic interactions. One can use the optical
theorem:
σtot =
4π
pc.m.
ℑm[f(0)] (11)
where f(θ) is defined by:
dσel
dt
=
π
p2c.m.
dσel
dΩc.m.
=
π
p2c.m.
|f(θ)|2 (12)
and the definition of the total cross section:
σtot = (σel + σinel) = (Nel +Ninel)/L (13)
(where L is the integrated luminosity) to extract
the total cross section independently from the lu-
6An important task for the c.r. community is to quantify
more precisely the improvement obtainable with different
measurements at the LHC.
minosity as:
σtot =
16π
1 + ρ2
[dNel/dt]t=0
(Nel +Ninel)
(14)
where ρ = ℜe[f(0)]/ℑm[f(0)] ≃ 0.15 is the ratio
of the real and imaginary part of the elastic scat-
tering amplitude. The difficulty of this measure-
ment is to obtain a good extrapolation of the cross
section for a transfer momentum t → 0. Since
−t = −(pi − pf )2 = 2p2c.m.(1 − cos θ) ≃ p2c.m. θ2,
this implies the measurement at very small an-
gle. The Totem experiment aims to a measure-
ment down to a values −t ≃ 2× 10−2 GeV2, that
corresponds to θ ≃ 20 µrad, that is a displace-
ment of 3 millimeters at a distance of 150 meters
from the interaction point. The measurement is
possible with the use of the so called “Roman
pots”7 placed symmetrically on both sides of the
intersection region to detect protons scattered at
very small angles in elastic or quasi-elastic reac-
tions. A forward inelastic detector covering about
4 pseudorapidity units in the forward cones (from
η = 3 up to η = 7) with full azimuthal accep-
tance will be used to measure the rate of inelastic
reactions. Totem has also the potential to mea-
sure diffractive interactions. As discussed before
a determination of σdiff/σinel is very important
for shower development.
6.4. Acceptance limitations and “soft”
hadronic physics
There are compelling reasons to expect that the
most interesting physics at LHC will involve small
cross sections (for example the Higgs production
cross section is expected to be a fraction of order
10−10 of σinel), and will manifest itself with par-
ticle (jet) production at large p⊥ and therefore at
relatively large angles with respect to the beam
axis. The ATLAS and CMS detectors are pri-
marily designed to study this type of processes,
and their acceptance is limited to the angular
(pseudorapidity8) region |η| ≤ 2.5 (θ ≤ 9.3◦)
7The Roman pots are special devices mounted on the vac-
uum chamber of the accelerator. They can be retracted to
leave the vacuum chamber free for the beam as required
at the injection. Once the final energy is attained and
the circulating beams are stable, they can be moved close
(∼ 1 mm) to the beam.
8The pseudorapidity is defined as η = − ln[tan θ/2]. For
a massless particle it coincides with the rapidity y defined
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for charged particle detection, and to |η| ≤ 5
(θ ≤ 0.77◦) for calorimetric energy flow. As dis-
Figure 9. Angular (pseudorapidity) regions that cor-
responds to a fixed xF at LHC. The different curves
correspond to three values of p⊥. The expected ac-
ceptance of three detectors are indicated.
cussed before the Totem detector will cover the
region 3 ≤ |η| ≤ 7. Fig. 9 illustrates the region of
xF and p⊥ that corresponds to these angular ac-
ceptances. It is clear that these detectors will give
only poor results about particle production in the
fragmentation regions |xF | >∼ 0.1. We expect that
most of the energy of the minimum—bias inter-
actions (> 90%) will remain unobserved with the
detectors under construction.
The design (and construction) of a full–
acceptance detector for LHC is an extraordinarily
difficult (and costly) task . A detailed project for
such a detector has been elaborated by the Fe-
lix collaboration [62]. The scientific motivations
for such a full (or very large) acceptance detec-
tors are also extensively discussed in [62]. While
there is a consensus that the scientific priority for
the LHC science is in the large p⊥ region, there
are strong (even if less compelling) arguments for
a significant discovery potential exist also for de-
tectors that cover a larger angular region. On the
differentially as dy = dp‖/E.
point of view of cosmic ray studies there is consid-
erable interest in having as large an acceptance as
possible. The fragmentation region that plays a
crucial role in shower development corresponds to
the pseudorapidity range 6 <∼ |η| <∼ 10. The possi-
bility to explore, even partially, a broader phase
space region at LHC upgrading the approved de-
tectors certainly deserves to be investigated ener-
getically.
7. Conclusions
The next decade looks very interesting for cos-
mic ray studies, in fact it is possible that finally
an understanding of the main sources of the high
energy radiation in the universe will be obtained.
This understanding will be the result of a large
experimental effort, including direct and indirect
measurements of cosmic rays. For a correct inter-
pretation of the EAS shower measurements the
contribution of accelerator experiments will be
of great importance, in the entire energy range
between 1015 and 1020 eV. The desired measure-
ments at LHC are not easy to perform, and an op-
timum program would require a larger acceptance
coverage and therefore additional costly instru-
mentation; it can however be argued that these
measurements are not only of relevance for cosmic
ray research but have also a significant intrinsic
interest and the potential for scientific discovery,
and deserve careful analysis.
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